high peak-to-average-power-ratio (PAPR) of OFDM systems introduces inevitable non-linear distortion in the transmitter and causes both in-band distortion and out-of-band spectrum re-growth. In this paper we propose a novel scheme to compensate for the non-linearity of RF transmitters with solidstate-power-amplifiers (SSPA) in OFDM by Least Square ( L S ) estimation of the nonlinear parameters modeled by memory-less polynomials. The compensation is easily achieved by subtracting the higher-order polynomials of the input from the RF output. Simulation results for spectrum masking as well as the BER curve in l i Q A M OFDM show very stable and promising performance as well as simple implementation.
INTRODUCTION
Orthogonal frequency-division multiplexing (OFDM) has attracted considerable interest recently because of several significant advantages such as robustness to multi-path fading and great simplification of channel equalization which typically dominates the complexity of implementation in a communication system. The application of FFTAFFT makes the implementation at very high data rates possible. Therefore, OFDM has been adopted in several wireless standards such as IEEE 802.1 la WLAN and ETSI terrestrial video broadcasting.
However, OFDM systems suffer from very high Peak-toAverage Power Ratio (PAPR) [l] . This will cause serious problems with in-band non-linear distortion as well as outband interference for adjacent channels with spectrum regrowth. To make the power amplifier (PA) work in linear range, PAPR reduction schemes [l] as well as backoff schemes [7] were studied recently. However, the backoff scheme dramatically reduces the power efficiency of RF transmitters. This may have deleterious effects on battery lifetime in mobile systems and out-weigh all potential benefits of OFDM. In order to maximize the power efficiency, lowcost nonlinear power amplifiers, such as Class C, are preferable and the power amplifier is even forced to operate near saturation range. This will bring undesirable but inevitable non-linearity into the whole system performance.
Several schemes were proposed in different systems using high power amplifier (HPA) in order to compensate for the non-linearity in RF transmitters [4, 5, 6] . One complicated technique is pre-distortion which distorts the input signals to the HPA with an inverse function of the HPA non-linearity and generates linearly amplified signals at the output [4, 5] . Most previous schemes applied the memory-less model of Suleh [3] for traveling wave tube (TWT) amplifiers [3] . But this model is not very suitable for mobile systems where SSPA's are generally used instead. Unfortunately not much work has been reported yet for mobile SSPA in the context of OFDM. Moreover most of the implementations of a predistorter applied look-up-tables (LUT) [5, 6] to provide numerical solution of the inverse function. LUT methods have inherent quantization error limited by the size of the table and long time update of the LUT [4] , so it is not very suitable for dynamic compensation.
In this paper we propose a polynomial model for memoryless SSPA. We show that this model accurately captures the M A M characteristics of SSPA and provides efficiencies for post-compensation. The polynomial coefficients are estimated using a least square (LS) method based on a linear equation with Vandermonde matrix. By simply subtracting the higher order polynomials of the input signal from the distorted SSPA output we obtain the linearly amplified signal with high precision. The analysis of response curve, RF spectrum masking, received constellation and BER in a 16QAM-OFDM system for different backoff power levels shows very stable and promising performance compared to previous schemes and enhances the power efficiency.
11.

OFDM SYSTEM MODEL & PAPR
A . OFDM System Model
The system model of an OFDM transmitter with RF is shown in Fig. 1 is the pulse h c t i o n of the symbols.
In an RF transmitter with super-heterodyne architecture, there are several cascaded analog components such as passive band-pass filter, passive mixer and power amplifier. Each of these RF components has a certain level of nonlinear effects and can be modeled as a non-linear system. The power amplifier is of particular interest because its specification will determine the maximum transmitted power. B. Probability-based PAPR The PAPR of OFDM signals are defined previously as [ 11 Here Pov is the average power in one time domain symbol. Theoretically, if N sub-carriers are modulated with QPSK, then the upper bound of the PAPR in (5) will be N. However, when N increases, the probability of the occurrence of this upper bound is negligible. For M-ary PSK OFDM system, there are at most M*pattems to yield the upper bound. The probability of observing such a PAPR is M2 / P=d2").
Even with QPSK (M=4) and N=64 sub-carriers as in 802.1 la, this probability is only 4.7e"' [Z] .
Therefore, the upper bound definition in (5) is not very meaningfbl and people are more interested in effective peak factor cEFT defined as [9] Pr( r,, ' C E F 7 . 1 < E, '
) where &p is a small number probability that can be considered negligible in practice. Actually this is the starting point of several recent performance analysis papers [2, 8] . The interesting implication here is that the maximum input signal power P , , is inevitably larger than the input limit of RF. This is a strong motivation for the compensation of amplifier nonlinearity in OFDM systems.
NON-LINEARITY MODEL
Two types of amplifiers are used in communication: TWT and SSPA. TWT is mostly used for high power satellite We will consider the SSPA for mobile transmitter and assume no AM/PM effects in this paper. This is reasonable not only because SSPA has much lower AM/PM than TWT, but also because the M A M effects on an OFDM system are more significant than those of M M . We use a polynomial model for the memory-less non-linearity as, Here x(t) and y(t) are the input and output of the nonlinear RF respectively. a, represents the DC offset, ai is the linear scalar, { a2 ,..., ap } contributes to non-linearity in the system where P is the highest order of non-linearity.
A. Least Square (LS) Estimation of Polynomial
Assume we can get samples of x(t) and y(t) in (8) using training data with sufficient dynamic range as in x N r (subscript t denotes training). By considering the combinational thermal noise _w from the RF circuits, we will get a linear equation ;*
The error of this compensation is caused by the estimation errorg(n) and is considerably small. The system architecture for the proposed non-linear estimation and compensation is shown as in Fig.2 . A linear demodulator samples the SSPA output of the training data and estimates the polynomial coefficients. Then the baseband signal formulated by (2) is multiplied by the ci coefficients to generate the compensation signal. Because the compensation signal is in general much smaller than the amplified signal, it can be linearly upconverted to the RF without using another power amplifier, similar to the previous feed-forward method [9] . Then it is subtracted from the SSPA output of the transmitted signal. The final output signal is effectively linearly amplified with scalar Although here we use a discrete formulation to explain the idea here, the corresponding analog signal for compensation at RF is straightforward.
V. SIMULATION RESULTS
We used 16QAM and 64 sub-carriers in simulation. We also used a SSPA with typical RF specifications for a mobile system (Gain=20dB, P1 dB=24dBm, IP2=40dBm, IP3=40dBm, IP4=100dBm) to build the whole chain of carrier modulation. We used P=10 which yields a very good fit of the model to the actual non-linearity. In Fig. 3 , we compared the received signal after the low-pass filter at the quadrature demodulator. In this time frame we see the obviously high PAPR and the compensated signal has almost the same shape as linear-gained signal, while the non-linearity amplified signal is distorted severely at high amplitude. We then measured the actual response at the inputloutput of the RF with more than 40000 samples as in Fig. 4 . It is found that even below the saturation point the response curve is not ideally linear. But the compensated response is perfectly overlapped with linear gain. The spectrum masking at RF output is shown in Fig. 5 with output backoff(OBO)=2dB. OB0 is defined as the ratio of maximum possible amplifier output power to the average amplifier output power as in OB0 (dB)=l0logl,,(P,,/P,,).
Note that OB0 implicates power efficiency. The higher OB0 is less efficient because the operating point is far below the saturation point. It can be seen that the non-linearity caused about 20dB spectrum regrowth, while the compensated signal almost has the same spectrum as the linear gain. Even though there is still some interference around the higher harmonic of the carrier frequency, it can be easily filtered by a wide band analog filter. The constellation of the received signal is shown in Fig.  6 . It is found that for the non-linear case, the lower the OBO, the more dispersed the constellation. But in each OB0 level, the compensated constellation is almost the same as the linear transmission. This indicates the stability of the scheme at different OB0 levels. The BER performance is shown in Fig.7 , also with different OBO. It can be seen that only at OBO=14dB is the non-linear BER curve close to the linear case. This is almost useless because the transmitting power will be too weak to have a high SNR. In a more practical case, when OBO=8dB, a significant loss appears. When OBO=3,4,5dB, there will be a flat-top on the BER curve, which means the operating range of the system is dramatically limited. However, with the compensation, even at OBO=3dB, the BER performance is almost the same as ideally linear, with slight loss at BER lo4. This is better than the reported result in [ S ] with pre-distorter. Order P will determine the tradeoff between estimation error and computational complexity of estimation. Fig.8 shows the residual norm vs. polynomial order P . At P=5, the error becomes considerably small. This means we can use a small order to model non-linearity accurately. This guarantees a simple implementaion of the estimator. Actually we can even apply the structure in Vundermonde matrix to reduce the computation complexity further.
VI. CONCLUSION
In this paper we proposed a polynomial model for the non-linearity in OFDM transmitters with SSPA. The model parameters are estimated with Least Square criterion and applied for postcompensation. The simulation displays very promising performance in terms of spectrum masking and BER.
